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" Esteriﬁcation of fatty acid was
studied using lanthanum and HZSM-
5 based catalyst.
" Sulfation process caused the
formation of strong Brønsted acid
sites in the catalysts.
" SLO/HZSM-5 had the lowest
deactivation after the third reuse.
" Sulfated catalysts reached close
to100% of conversion of oleic acid at
100 C.
" Sulfated catalysts are new eco-
friendly catalyst for the
esteriﬁcation.g r a p h i c a l a b s t r a c t
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In this work the use of the heterogeneous catalysts pure (LO) and sulfated (SLO) lanthanum oxide, pure
HZSM-5 and SLO/HZSM-5 (HZSM-5 impregnated with sulfated lanthanum oxide (SO42/La2O3)) was eval-
uated. The structural characterization of the materials (BET) showed that the sulfation process led to a
reduction of the SLO and SLO/HZSM-5 surface area values. FTIR showed bands characteristic of the mate-
rials and, FTIR-pyridine indicated the presence of strong Brønsted sites on the sulfated material. In the
catalytic tests the temperature was the parameter that most inﬂuenced the reactions. The best reaction
conditions were: 10% catalyst, 100 C temperature and 1:5 mOA/mmeOH for LO, SLO, SLO/HZSM-5 and 10%
catalyst, 100 C temperature and 1:20 mOA/mmeOH for HZSM-5. Under these conditions the conver-
sions were: 67% and 96%, for LO and SLO, respectively and 80% and 100%, for HZSM-5 and SLO/HZSM-
5, respectively. All catalysts deactivated after the ﬁrst use, but the deactivation of SLO/HZSM-5 was
smaller.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Energy is a decisive factor for the economic development of a
country and the energy crisis increases the urgency of researchin this area. In this scenario, biodiesel production stands out,
because it is a viable alternative in terms of renewable fuel. Biodie-
sel is chemically constituted of fatty acid alkyl esters that can be
obtained through the transesteriﬁcation of triglycerides, or from
the esteriﬁcation of fatty acids, both in the presence of a short
chain alcohol such as ethanol or methanol and, an acid or base cat-
alyst (Chantras et al., 2011; Encinar et al., 2011; Birla et al., 2012;
Yin et al., 2012).
S.S. Vieira et al. / Bioresource Technology 133 (2013) 248–255 249The transesteriﬁcation process is preferable to the esteriﬁca-
tion due to higher availability of natural raw materials rich in tri-
glycerides, but the esteriﬁcation process has its importance as an
alternative process, because it enables the use of materials rich
in free fatty acids present in residues and by-products of indus-
trial biomass processing, mainly the crude oils, acid sludge,
frying oils and even products of animal origin such as lard or
suet (Marchetti and Errazu, 2008; Semwal et al., 2011; Kim
et al., 2012).
The esteriﬁcation reaction consists of the reaction of a fatty acid
with an alcohol in the presence of an acid catalyst. The homoge-
neous catalysts, usually strong mineral acids, present excellent
reaction yields, but they can cause equipment corrosion problems.
Thus, the technological challenge for the development of a biodie-
sel production process by esteriﬁcation of fatty acids is the devel-
opment of heterogeneous acid catalysts. These materials should
present high activity and stability, easy separation of the products
and should not pose corrosion problems to the equipment. These
properties would characterize them as environmentally friendly
materials (Kirumakki et al., 2006).
Among the several types of heterogeneous catalysts tested for
production of biodiesel by esteriﬁcation reaction, different zeolites
can be found: HBEA, HMOR, HZSM-5, HMFI, HFAU and HY (Kir-
umakki et al., 2006; Aranda et al., 2009; Chung et al., 2008; Chung
and Park, 2009; Satyarthi et al., 2011; Selvabala et al., 2011; Costa
et al., 2012; Patel and Narkhede, 2012) besides pure and impreg-
nated HBEA with lanthanum ions (La3+) in the transesteriﬁcation
of soybean oil (Shu et al., 2007).
Another promising catalysts for the production of biodiesel
through a transesteriﬁcation/esteriﬁcation reaction are those
based on sulfated metals heterogeneous oxides. Some studies al-
ready have proven that the catalytic properties of these solids de-
pend on the starting oxide, the sulfating agent and the thermal
treatment employed. Therefore, several studies have been con-
ducted with the objective of generating solids with superacid prop-
erties that possess good stability and can be used in various
industrial level reactions (Noda et al., 2005).
Among the sulfated oxides already studied as superacid cata-
lysts, zirconium (Furuta et al., 2004; Li et al., 2010; Chang et al.,
2012), titanium (Almeida et al., 2008; Li et al., 2010) and tin oxides
(Furuta et al., 2004; Lam et al., 2009; Kafuku et al., 2010) stand out.
These superacid heterogeneous catalysts can be used in transeste-
riﬁcation reactions as well as esteriﬁcation, for biodiesel produc-
tion. However, there are still few works reported in the literature
that use these superacid solids for such reactions.
Lanthanum oxide has already been studied in catalysis as a sup-
port for Ni catalysts in ethanol steam reforming (Fatsikosta et al.,
2002); as a catalyst in methane reforming (Cassinelli et al., 2008)
and as a catalyst for hydrogen production from steam reforming
or oxidative steam reforming of ethanol (Lima et al., 2010). Some
studies are using lanthanum oxide as a catalyst for biodiesel pro-
duction (Yan et al., 2009a,b; Li et al., 2010; Russbueldt and Hoelde-
rich, 2010), but nevertheless, the use of sulfated lanthanum oxide
is still unknown in the literature.
Lanthanum and zeolites-based compounds are already known
in the literature as highly efﬁcient catalysts for many different
acid character reactions such as hydrocarbon isomerization,
cracking, alkylation and etheriﬁcation.However theuse of these sul-
fated catalysts for the production of biodiesel is unknown in the
literature.
Based on the above, the objective of this work was to test the
heterogeneous catalysts: pure (La2O3 – LO) and sulfated (SO42/
La2O3 – SLO) lanthanum oxide, pure HZSM-5 and HZSM-5
impregnated with sulfated lanthanum oxide SO42/La2O3 (forming
SO42/La2O3/HZSM-5 – SLO/HZSM-5) in esteriﬁcation reactions for
biodiesel production.2. Methods
2.1. Catalyst preparation
Pure lanthanum oxide (LO – La2O3 – Isofar) was used without
any treatment to observe if the proposed modiﬁcations would
cause some effect on its catalytic activity. Sulfated lanthanum
oxide (SLO – SO42/La2O3) was prepared by impregnation in which
30 g of La2O3 were slowly added to 300 mL, 2 mol L1 sulfuric acid
solution (Vetec) which was maintained under constant agitation
for 3 h at room temperature. The resulting solid was vacuum ﬁl-
tered and dried in an oven at 100 C for 2 h. The dried material
was then calcined in a tube furnace at 400 C for 3 h under a N2
ﬂow (150 mL min1) at a heating rate of 10 C min1.
HZSM-5 zeolite used in this study was synthesized at the
Department of Chemical Engineering of State University of Mar-
ingá, Brazil. Before the reactions it was heated at 120 C for 24 h
to eliminate moisture. For the preparation of SO42/La2O3/HZSM-
5 (SLO/HZSM-5), 10 g of HZSM-5 and 1 g of La2O3 were slowly
added to 100 mL of sulfuric acid 2 mol L1 and kept under stirring
for 3 h at room temperature. The resulting material was dried and
calcined in the same conditions as for preparing the SLO.2.2. Characterization of catalysts
Thermogravimetric analyses of the catalysts were conducted in
a Shimadzu-DTG-60AH thermomechanical analyzer. The experi-
ments were carried out at a heating rate of 10 C min1, tempera-
ture range 25 C (room temperature) to 1000 C, under nitrogen
atmosphere. The morphology of the catalysts was obtained by
scanning electron microscopy (SEM), using a Leo Evo 40XVP appa-
ratus with a 25 kV tension.
BET (Brunauer–Emmet–Teller) method was used to measure
the speciﬁc surface area of the catalysts produced, through the
physical adsorption of N2, at different pressures, at 77 K using a
Micromeritics model ASAP 2020 analyzer.
FTIR spectra of the materials were recorded on a Digilab Excal-
ibur spectrometer using KBr pellet technique. Each pellet con-
tained exactly 300 mg of KBr and 3 mg of sample.
The catalysts were submitted to the qualitative determination
of Brønsted and Lewis acid sites by the infrared spectroscopy tech-
nique using pyridine as probe molecule. The samples, in form of
self-supported wafers, were heated to 400 C for 1 h under high
vacuum, followed by ﬁve air pulses and 30 min of high vacuum.
The Lewis and Brønsted acid sites were identiﬁed through the anal-
ysis of the FTIR spectra of the adsorbed (25 C) and desorbed (25,
150, 250 and 350 C for 30 min under high vacuum) pyridine.
The analyses were conducted in the Nicolet Magnum 560
equipment.2.3. Catalytic tests
For the catalytic tests oleic acid (Vetec) was used as a model
molecule. The product (methyl oleate) was obtained through the
methylic route using 99.9% pure methanol (Cromoline). The exper-
iments were conducted in batch, at different temperatures (50, 75
and 100 C), catalyst percentages (5%, 10% and 20%), oleic acid/
alcohol mass ratios (1:5, 1:10 and 1:20). and residence times (1,
3, 5 and 7 h). The system was sealed and maintained under con-
stant agitation at 300 rpm and, at speciﬁc residence times, a
10 lL aliquot was removed, diluted in 1 mL hexane (RMaia) and
analyzed by Gas Chromatography with Flame Ionization Detector
(GC-FID) in a Shimadzu CG-2010 apparatus, with SP™-2560 Supe-
lco capillary column (100 m  0.25 mm  0.2 lm) using the fol-
lowing chromatographic conditions: initial temperature 140 C
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ing at this temperature for 5 min (total run time of 35 min); injec-
tor temperature: 260 C; FID detector temperature: 260 C; helium
gas carrier (1.1 mL min1); split rate 1:10, injected volume 1 lL.
The quantiﬁcation was made by the external standard method.
The oleic acid to methyl oleate conversion percentages were calcu-
lated through the area of each peak formed during the reactions
under the different proposed conditions.
The reuse tests were carried out under the optimal reaction
conditions established by experiments with fresh catalysts. Before
being reused the catalysts were washed with hot water (approx.
60 C) at a ratio of 1:30 and dried in an oven at 120 C for 15 h.
Three cycles of reactions were conducted. At the end of the reuse
tests, the catalysts were dried in an oven at 120 C for 15 h and
characterized by FTIR.Fig. 1. Pores diameter distribution of HZSM-5 and SLO/HZSM-5.3. Result and discussions
3.1. Characterization of catalysts
The result of the thermogravimetric analysis of LO showed two
mass loss intervals: between 260–370 C and 380–470 C probably
due to the loss of water molecules and impurities that were re-
tained on the surface of the material. SLO presented mass loss
intervals between 25 and 300 C and between 800 and 1000 C that
can be attributed, respectively, to the water and volatile material
loss and to the decomposition of the sulfate groups adsorbed on
the surface of the solid during the sulfation stage (Corma et al.,
1994).
DTA analysis of LO showed two endothermic peaks at 300 and
455 C, that can characterize physical processes such as vaporiza-
tion of water and/or some dehydration reactions. However, SLO
catalyst presented endothermic peaks at approximately 100 and
940 C, responding to the water loss by vaporization and the
decomposition of sulfate groups, respectively (Bernal et al.,
2002). HZSM-5 and SLO/HZSM-5 thermograms showed similar
and stable proﬁles, with a small weight loss concerning water
molecules.
According to SEM micrographs, LO had the smallest grain size,
although SLO presented a variation in the form and in the size of
its grains, being between 17 and 150 lm. HZSM-5 showed small
grains and fractions of amorphous materials, characterized by a
clear portion, indicating that this sample may contain extraframe-
work alumina. In the sample SLO/HZSM-5, the lighter portion is
either extraframework alumina or the group SO42/La2O3 on the
structure of the material.
Speciﬁc surface areas for the studied catalysts obtained using
BET method (SBET) were: 2 and 0.2 m2g1 for LO and SLO, respec-
tively (Table 1). It is observed that the sulfation of LO led to a de-
crease in speciﬁc surface area (SBET). It was also observed that the
incorporation of SLO group in the structure of HZSM-5 caused a de-
crease in speciﬁc surface area (SBET) of SLO/HZSM-5 (Table 1). From
these results it can be concluded that the calcination temperature
and also the concentration of the sulfuric acid solution used in the
La2O3 sulfation process might have caused negative effects in the
SBET values. These effects were also reported by Pereira et al.
(2008), who observed that the increase of both calcination temper-Table 1
Textural analysis of the catalysts.
Catalyst Area (m2 g1)
BET Micropores External
HZSM-5 286 267 19
SLO/HZSM-5 217 200 17ature and sulfuric acid concentration resulted in a decrease in spe-
ciﬁc surface area.
Evaluating the results obtained for HZSM-5 and SLO/HZSM-5, it
is observed that the incorporation of SO42/ La2O3 to HZSM-5 not
only led to a decrease in SBET, but also in all other parameters
evaluated, indicating a partial obstruction of the pores of HZSM-5
by SLO (Table 1).
Fig. 1 shows the distribution of pores in HZSM-5 and SLO/
HZSM-5 calculated by the BJH method. It can be seen that the pore
distribution of HZSM-5 ranged from 35 to 2100 Å, while for SLO/
HZSM-5 the distribution was 52–1200 Å . It is observed that pores
with a diameter of 35–56 Å and greater than 1200 Å were not ob-
served in the SLO/HZSM-5 sample, indicating probably that the SLO
groups are blocking the pores of HZSM-5.
The LO FTIR spectrum presented a band around 3600 cm1 that
can be attributed to LaOH bonds (Tynjala and Pakkanen, 1996) and
to adsorbed water molecules. However, the band found at
635 cm1 can be attributed to the La–O bond. SLO presented
absorption bands between 1285 and 1000 cm1 that could be
attributed to the sulfate group’s vibration modes. The bands at
1285 and 1129 cm1 are attributed to the asymmetrical and sym-
metrical S@O bond stretching, respectively. Furthermore, the
bands found at 1000 and 820 cm1 can be assigned to asymmetri-
cal and symmetrical stretchings of the S@O bond, respectively
(Noda et al., 2005; Almeida et al., 2008). The band found at
3400 cm1 is the O–H bond vibration and also that of La-OH
groups.
The bands due to hydroxyl groups of zeolites are the most
important ones and are divided into terminals silanols
(3740 cm1), hydroxyl groups at defect sites (3720 cm1), outside
the crystal lattice OH (3680 cm1), the bridge OH as Al–Si–OH with
the character Brønsted acid sites (3600–3650 cm1) and stretch-
ings of OH of water molecules (3440 cm1). The bands at 1223
and 1092 cm1 are attributed to the symmetrical stretching of
Si–O–Si. The band present in the region of 803 cm1 refers to the
symmetrical stretching Si–O–Si framework in the structure. The
band at 1630 cm1 corresponds to the adsorbed water molecules.
The SLO/HZSM-5 sample showed a decrease in the intensity of
the band 3646 cm1, which can be related to the interaction be-
tween the zeolite and lanthanum, as observed by Moreira et al.Volume (cm3 g1) Dp (A)
Total BJH Micropores
0.2 0.07 0.1 25
0.1 0.05 0.09 25
S.S. Vieira et al. / Bioresource Technology 133 (2013) 248–255 251(2010). They have attributed this effect to hydroxyl groups associ-
ated to rare earth cations, which can be related to the presence of
La3+ species oligomerized with the zeolitic material. The same
bands observed for HZSM-5 in the region 1223–803 cm1 were
found in the spectrum of SLO/HZSM-5. The bands in this region
are characteristic of SO42 groups which are assigned to the vibra-
tion modes of sulfate groups (Noda et al., 2005; Almeida et al.,
2008).
Lewis and Brønsted acid sites were identiﬁed through the anal-
ysis of FTIR spectra, using pyridine as a probe molecule. This mol-
ecule generated species with characteristic vibrations that were
correlated to Lewis and Brønsted acid sites. The Brønsted sites
can be found between 1630 and 1540 cm1 and, Lewis sites in
the 1455–1450 cm1 region. The band found in the region of
1490 cm1 can be attributed to Brønsted sites as well as Lewis
(Tynjala and Pakkanen, 1996).0 1 2 3 4 5 6 7 8
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Fig. 2. Inﬂuence of amount of catalyst (LO (A), SLO (B)) and themOA/mMeOH ratio (1:5 (1);
catalyst ( ), 5% ( ), 10% ( ) e 20% ( ).For LO, only Lewis acid sites related bands were found and a sin-
gle band (1490 cm1) that can be attributed to Brønsted and Lewis
sites. The Lewis sites found are weak, because, above 250 C they
were no longer observed. For SLO the presence of Brønsted acid
sites is observed (1640, 1545 and 1470 cm1) and Lewis (1610,
1470 and 1445 cm1). The sample presents strong and weak
Brønsted sites and weak Lewis sites.
When speaking of the acidity of sulfated oxides, it should be ta-
ken into consideration that the sulfate group is covalently bonded
to the metal, leading to alterations in its structure, which is then
reﬂected in their vibrational spectra. In the sulfated oxides many
Brønsted acid sites can exist. The superacidity of these materials
can be attributed to Brønsted sites created or already existent on
the surface of these materials, whose acidity is increased by the
presence of neighboring Lewis acid sites. The force of those Lewis
acid sites is due to an inductor effect exercised by the sulfate group0 1 2 3 4 5 6 7 8
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1:10 (2); 1:20 (3)) on the conversion of oleic acid to methyl oleate at 100 C. Without
252 S.S. Vieira et al. / Bioresource Technology 133 (2013) 248–255on the metallic cation, that becomes more electron deﬁcient (Noda
et al., 2005; Almeida et al., 2008).
HZSM-5 presented a shoulder in the region from 1660 to
1600 cm1 comprising Lewis and Brønsted acid sites. A band was
also observed in 1540 cm1 (Brønsted sites) and 1490 cm1 (Lewis
and Brønsted sites). The desorption curves of HZSM-5 showed that
there are strong Brønsted acid sites. The spectrum proﬁle observed
for SLO/HZSM-5 is very similar to the one obtained for HZSM-5.
However stronger sites were observed, indicating that the deposi-
tion SO42/La2O3 on HZSM-5 leads to changes in the acid properties
of the ﬁnal catalyst.
According to Shu et al. (2007), a lanthanium atom could replace
an aluminum atom in the bridging hydroxyl groups, and this iso-
morphic substitution would result in the formation of new acid
sites similar to Brønsted acid sites. Furthermore, the exchange that
occurs between La3+ and zeolites may result in the formation of
metal cations hydrates [La(OH)]2+ due to electrostatic ﬁeld of the
metal cation. The division of water molecules will occur to form
La(OH)2+, and a new Brønsted acid site will also be formed from
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Fig. 3. Inﬂuence of amount of catalyst (HZSM-5 (A), SLO/HZSM-5 (B)) and themOA/mMeOH
100 C. Without catalyst ( ), 5% ( ), 10% ( ) e 20% ( ).3.2. Determination of optimum reaction conditions
3.2.1. Evaluation of the optimal amount of catalyst and best oleic acid/
methanol mass ratio
Figs. 2 and 3 show the inﬂuence of the catalyst percentage and
the oleic acid/methanol mass ratio (mOA/mMeOH ratio) on the
conversion of oleic acid to methyl oleate. In the data presented
in Fig. 2A and B, it is observed that for LO as well as SLO, the
mOA/mMeOH ratio at which the best results were obtained was 1:5
(Fig. 2A1 and B1) for all variations of amount of catalyst tested.
The inﬂuence of mOA/mMeOH ratio was more accentuated when
10% and 20% of catalyst were used. It was observed, according to
the data presented, that there was an increase in the conversion
with the decrease of mOA/mMeOH ratio.
In the data presented in Fig. 3A and B, it is observed that, for
HZSM-5, the molar ratio of 1:20 (Fig. 3A3) gave the highest conver-
sions at 10% and 20% catalyst in the reaction (conversion close to
80%). As for the SLO/HZSM-5 (Fig. 3B1), the best results were
obtained using a ratio of 1:5 with 10% of catalyst (100%
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ratio (1:5 (1); 1:10 (2); 1:20 (3)) on the conversion of oleic acid to methyl oleate at
S.S. Vieira et al. / Bioresource Technology 133 (2013) 248–255 253Analyzing the variation of the oleic acid/methanol ratio, the
best ratio for HZSM-5 was 1:20. The reason for this may be Le
Chatelier’s principle. When the alcohol concentration increases,
the tendency of equilibrium, in principle, would be to move in fa-
vor of products, increasing thereby the yield of the ester formed. In
addition, the increase in the concentration of alcohol may be pro-
moting a reduction in the viscosity of the mixture, leading to better
mixing of reagents and catalyst and to an improvement in the rate
of mass transfer, resulting thus in a higher conversion. As for the
other catalysts, the best ratio was 1:5, contrary to the theory pro-
posed above, but this may have occurred because increasing the
amount of alcohol may be inhibiting the reaction of esteriﬁcation
of oleic acid, probably due to a competition between methanol
and oleic acid for active sites of the catalyst.
In most of the results appraised it can be observed that as the
amount of catalyst increased, the amount methyl oleate formed
also increased. This can be explained, because increasing the
amount of catalyst in the reaction environment consequently in-
creased the number of active sites necessary for the reaction to oc-
cur (Lam et al., 2009). It is also noticed by the results that there is a
limit at which the variation of the catalyst amount causes an insig-
niﬁcant increase in the conversion. In other words, starting from
that amount, to increase the catalyst mass in the reaction medium
would not bring signiﬁcant variations in the conversions.
3.2.2. Inﬂuence of temperature on the esteriﬁcation reaction
After determining the best mOA/mMeOH ratio and amount of cat-
alyst conditions to obtain the highest oleic acid conversion to
methyl oleate, the effect of temperature on the reaction was stud-
ied. Fig. 4 presents the results. For LO (Fig. 4A) catalyst, the highest0
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Fig. 4. Inﬂuence of temperature (50 C ( ), 75 C ( ) e 100 C ( )) onconversion was obtained when working at 100 C and, there was
practically no reaction at 50 C. We observed that for SLO
(Fig. 4B) the conversion at 100 C was close to 100% and at 75 C,
around 80%. For HZSM-5 (Fig. 4C), at 75 and 50 C, virtually there
was no reaction. For SLO/HZSM-5 (Fig. 4D), the conversion at
75 C was close to 80%. According to the results presented, we
can observe that the sulfated material showed high activity at
75 C. Therefore, the temperature increase resulted in higher con-
versions, which is line with kinetic (Arrhenius) and thermody-
namic theory. According to Ramesh et al. (2010), due to the fact
that the esteriﬁcation reaction is endothermic, a higher yield will
be reached when higher temperatures are used.
Yan et al. (2009b) proposed an esteriﬁcation reaction mecha-
nism. According to this mechanism, the esteriﬁcation reaction oc-
curs between the fatty acid adsorbed on the catalyst surface and
the free alcohol, and the interaction of the fatty acid carbonyl oxy-
gen with the acid sites (L+) of the catalyst will lead to the forma-
tion of the carbocation. The nucleophilic attack of the alcohol on
the carbocation will then produce a tetrahedral intermediate and
this intermediate will eliminate a water molecule to form the ester
molecule. In this reaction, as already mentioned, the excess of alco-
hol provides higher ester yield.
According to the mechanism proposed by Yan et al. (2009b) and
the obtained results, it can be suggested that the reaction is pro-
cessed with methanol in gas phase (methanol ebullition tempera-
ture is 65 C). Thus, on increasing the 50 C temperature to 75 C,
the increase of the conversion can be attributed, mainly, to the
methanol phase change. However, when the temperature is in-
creased from 75 to100 C, the increase of the conversion can be
attributed to the kinetic and thermodynamic effects.0
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Table 2
Arrhenius parameters for the reaction of esteriﬁcation of oleic acid and methanol.
Catalyst Ea (kJ mol1) R
LO 55.77 0.9482
SLO 45.18 0.9919
HZSM-5 56.78 0.9507
SLO/HZSM-5 43.66 0.9655
Without catalyst 68.37 0.9963
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Fig. 5. Recyclability of catalysts (1st use (j), 2nd use ( ) and 3rd use ( )).
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The activation energies (Ea) were determined using the equa-
tion of Arrhenius (Eq. (1)). The analyses were made according to
the ﬁrst order kinetic model (Yan et al., 2009a) and the results
are in Table 2.
ln k ¼ lnA Ea
RT
ð1Þ
where k = rate constant; A = Arrhenius factor; Ea = process acti-
vation energy; R = 8.314 J mol1K1 and T = temperature in K.
The activation energies obtained are in agreement with the con-
version results, in other words, the lowest value was found for the
most active catalyst. Ea of the non-catalyzed reaction was also
determined and it was observed that the value found is superior
to the values found for the catalyzed reactions.
3.4. Reuse tests of catalysts
Fig. 5 presents the reusability of catalyst through three consec-
utive cycles. The tests were performed in optimized conditions:
100 C, 7 h, 10% catalyst, mOA/mMeOH ratio 1:5 (except for ZSM-5
that was 1:20). All catalysts deactivated after the ﬁrst cycle, but
the deactivation of SLO/HZSM-5 was smaller. After the second cy-
cle the deactivation was not signiﬁcant, except for LO.
The FTIR spectra of methyl oleate and the fresh catalyst and
after the third reuse were recorded. In the reused catalyst spec-
trum, the appearance of bands at 2926 and 2854 cm1, corre-
sponding respectively to vibration of symmetrical and
asymmetrical stretching of the C–H bond of methyl group and to
vibrations of asymmetric and symmetric stretching of the C–H
bond of the methylene group suggests the presence of organic res-
idues not removed from the structure of the materials after wash-
ing the solids. The band around 1740 cm1 can be attributed to
ester carbonyl functional group and the bands at 1238 and 1163
to the stretching vibrational of CO group (Yan et al., 2009).
These results show that the deactivation of the catalysts can be
attributed to the impregnation of the ester in the active sites. Nev-
ertheless, the deactivation of the catalysts can also be attributed tochanges in the structure of the catalysts during the reaction or the
washing and drying process.4. Conclusion
The catalysts were shown to be efﬁcient and promising for the
esteriﬁcation of oleic acid with methanol. The sulfation process led
to a decrease of the speciﬁc surface area of the catalysts and caused
the formation of strong Brønsted acid sites.
mOA/mMeOH ratio equals to 1:5 and 10% of catalyst led to the best
results for LO, SLO and SLO/HZSM-5. At 100 C the best conversions
were obtained, while at 50 C the yields were very inferior, sug-
gesting that the physical state of the methanol can be an important
factor. All catalysts deactivated, but the deactivation of SLO/HZSM-
5 was smaller.Acknowledgements
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